Specification of Caenorhabditis elegans body axes and cell fates occurs prior to the activation of zygotic transcription. Several CCCH-type tandem zinc finger (TZF) proteins coordinate local activation of quiescent maternal mRNAs after fertilization, leading to asymmetric expression of factors required for patterning. The primary determinant of posterior fate is the TZF protein POS-1. Mutants of pos-1 are maternal effect lethal with a terminal phenotype that includes excess pharyngeal tissue and no endoderm or germline. Here, we delineate the consensus POS-1 recognition element (PRE) required for specific recognition of its target mRNAs. The PRE is necessary but not sufficient to pattern the expression of a reporter. The PRE is distinct from sequences recognized by related proteins from both mammals and nematodes, demonstrating that variants of this protein family can recognize divergent RNA sequences. The PRE is found within the 39 untranslated region of 227 maternal transcripts required for early development, including genes involved in endoderm and germline specification. The results enable prediction of novel targets that explain the pleiotropy of the pos-1 phenotype.
INTRODUCTION
During the first few rounds of cell division in the development of a metazoan, body axes are formed, cell fates are specified, and a rough body plan is established. In many species, these events occur without the benefit of zygotic transcription, relying instead on the asymmetric localization and translation of specific maternally supplied mRNAs (for review, see Farley and Ryder 2008) . A network of cis-acting regulatory elements and cognate trans-acting specificity factors, including RNA-binding proteins and microRNAs, is required to ensure that mRNAs are appropriately regulated. Frequently, the cis-acting regulatory elements are found in the 39-untranslated region (39-UTR) of mRNAs, as this region is not actively spliced or translated and is therefore readily accessible to the transacting regulatory factors (for review, see Kuersten and Goodwin 2003) .
Early embryogenesis in the nematode Caenorhabditis elegans requires the regulation of an extensive network of maternally supplied mRNAs, as the onset of zygotic transcription is delayed. Prior to the initiation of zygotic transcription, the fates of all of the founder cells that produce the tissues and organs present in the adult worm are established ( Fig. 1 ; Sulston et al. 1983 ). This process begins soon after fertilization, when the zygote divides asymmetrically across the anterior-posterior axis. The larger anterior daughter is the first founder cell, while the smaller posterior daughter is the progenitor of the germline. The germline progenitor repeats this pattern of asymmetric cell division three more times, eventually giving rise to six total founder cells that together are the progenitors of all the tissue types present in the adult worm (Sulston et al. 1983) . Most cells of the zygote do not begin transcription until the four-cell stage, and transcription does not begin in the germline lineage until just prior to gastrulation Seydoux et al. 1996; Seydoux and Dunn 1997) . Thus, post-transcriptional regulation of maternal transcripts by maternal RNA-binding proteins is the primary mechanism that drives cell fate specification in the early embryo.
POS-1 is a critical RNA-binding protein required for C. elegans early embryogenesis (Tabara et al. 1999; Ogura et al. 2003) . POS-1 accumulates in the posterior of the fertilized zygote and is inherited asymmetrically at each division ( Fig. 1) . Embryos lacking POS-1 fail to hatch; the terminally differentiated embryos lack intestine and germ cell precursors and have excess pharyngeal tissue. Each of these tissue types is derived from a different founder cell, indicating that POS-1 is required for multiple cell fate specification events. The pleiotropy of the pos-1 mutant phenotype suggests that it governs multiple aspects of maternal gene regulation.
Three genes have been identified whose expression is perturbed in pos-1 mutants: glp-1, apx-1 (Ogura et al. 2003) , and nos-2 (D' Agostino et al. 2006) . nos-2 encodes a protein similar to Drosophila Nanos that is required for germ cell development and migration during gastrulation (Subramaniam and Seydoux 1999) . glp-1 encodes a cell surface receptor homologous to Drosophila Notch, and apx-1 encodes a ligand homologous to Drosophila Delta that is recognized by GLP-1 (Fehon et al. 1990 ; for review, see Artavanis-Tsakonas et al. 1999) . APX-1 and GLP-1 are required to pattern anterior development; their interaction at the two-cell stage polarizes the anterior blastomere as it divides, causing its posterior daughter (ABp) to adopt a hypodermal fate (Mello et al. 1994 ). In pos-1 mutants, GLP-1 is aberrantly expressed in all cells of the early embryo, while APX-1 expression is undetectable (Ogura et al. 2003) . This prevents polarization of the two-cell stage anterior blastomere, causing the formation of excess pharyngeal tissue at the expense of hypodermis.
The mRNA encoding glp-1 is present in every cell of the embryo until the eight-cell stage, but GLP-1 protein is expressed only in the anterior of the embryo (Evans et al. 1994; Ogura et al. 2003) . The glp-1 39-UTR is both necessary and sufficient to direct this expression pattern, as microinjected mRNA encoding a lacZ reporter under control of the glp-1 39-UTR is expressed in a pattern identical to endogenous glp-1 (Evans et al. 1994) . This suggests that glp-1 mRNA is translationally repressed through its 39-UTR in the posterior of the embryo. Two 70-nucleotide (nt) elements within the 39-UTR, termed the spatial control region (SCR) and the temporal control region (TCR), are required for both spatial and temporal patterning. Within the SCR are two regulatory subelements required for translational repression (glp-1 repression element [GRE] ) and translational activation (glp-1 derepression element [GDE] ) (Marin and Evans 2003) . The STAR-domain RNA-binding protein GLD-1 binds directly to the GRE, but the trans-acting factor that mediates regulation of glp-1 through the GDE is not known (Lee and Schedl 2001 , Marin and Evans 2003 , Ryder et al. 2004 . By yeast-three hybrid, POS-1 associates with both the SCR and TCR, suggesting that it represses translation of glp-1 through direct association (Ogura et al. 2003) . However, the precise position of POS-1 binding is not known.
POS-1 is one of several nematode CCCH-type tandem zinc finger proteins (hereafter TZF) required for oocyte maturation and early development Schubert et al. 2000; Shimada et al. 2006; Shirayama et al. 2006) . These proteins are related to tristetraprolin (TTP), a mammalian factor that promotes the deadenylation and subsequent rapid turnover of tumor necrosis factor a (TNFa) mRNA by direct association with its 39-UTR (Carballo et al. 1998; Lai et al. 1999 Lai et al. , 2005 . TTP binds to the sequence UUAUUUAUU, present in multiple copies within the AU-rich element (ARE) of the TNFa 39-UTR, with high affinity and specificity (Worthington et al. 2002; Blackshear et al. 2003; Brewer et al. 2004) . In contrast, the nematode TZF protein MEX-5, required for anterior development, binds with high affinity but relaxed specificity to uridine-rich sequences (Schubert et al. 2000; Pagano et al. 2007) . Little is known about the binding specificity of the other members of the nematode TZF protein family, including POS-1. To probe the basis for specific mRNA recognition by POS-1 and to facilitate prediction of novel POS-1 regulatory targets, we set out to delineate the RNAbinding specificity of this protein.
RESULTS

POS-1 binds weakly to TTP and MEX-5 binding sites
We first asked whether POS-1 binds to RNA with the same specificity as TTP or MEX-5. Recombinant POS-1 TZF domain (amino acids 80-180) was expressed as a Cterminal fusion to maltose binding protein (MBP) in FIGURE 1. POS-1 is required for the specification of multiple cell fates in the early C. elegans embryo. (A) The early C. elegans cell lineage is shown, with each founder cell labeled with the tissue types it produces. The expression of POS-1 protein is shown in gray, and each founder cell specified incorrectly in pos-1 mutant embryos is grayed out. (B) Schematic of POS-1 expression in early embryos. POS-1 expression is shown in gray, and each founder cell is labeled.
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Escherichia coli and purified to near homogeneity. The recombinant protein was used in quantitative electrophoretic mobility shift assays (EMSA) with fluorescein endlabeled RNAs encoding high affinity binding sequences recognized by TTP or MEX-5: ARE13 and poly(U)-13, respectively ( Fig. 2A,B ; Brewer et al. 2004; Pagano et al. 2007) . Varying concentrations of POS-1 were equilibrated with trace labeled RNA, and the bound RNA was resolved from the free RNA by gel electrophoresis. The fraction of bound RNA at each concentration of POS-1 was determined using a FUJI FLA-5000 fluorimager and the apparent equilibrium dissociation constant (K d,app ) was determined by a fit of the data to the Hill equation. POS-1 binds to ARE13 with modest affinity (K d,app = 200 6 6 nM), z50 times weaker than the previously published affinity of TTP for ARE13 (Brewer et al. 2004) . Likewise, POS-1 binds to poly(U)-13 RNA (K d,app = 500 6 130 nM), but the affinity is reduced compared to MEX-5's affinity for the same sequence (Pagano et al. 2007 ). Together, the results demonstrate that though POS-1 binds directly to RNA recognized by TTP and MEX-5, it does so with significantly reduced affinity.
POS-1 binds to the 39-UTR of multiple genes required for embryogenesis
We hypothesized that POS-1 binds with higher affinity to a sequence determinant that is different from TTP or MEX-5. In an attempt to identify a high affinity POS-1 interacting sequence, we constructed a library of tiled fragments of the glp-1 SCR and TCR. These elements were previously demonstrated to associate with POS-1 by yeast three hybrid analysis (Ogura et al. 2003) . Each fragment is approximately 30 nt long and overlaps the previous fragment by 15 nt (Fig. 2C) . The association of POS-1 with these fragments was assayed by EMSA ( Fig. 2D; Table 1 ). POS-1 binds to three of the four SCR fragments and to all four TCR fragments. The affinity of POS-1 is highest for the fragment near the 59 end of the SCR (K d,app = 76 6 6 nM) that contains the functional GRE and GDE sequences. The data indicate that one or more high affinity POS-1 binding sites are present in both the SCR and the TCR. However, a comparison of the sequences of each fragment does not easily reveal the determinants of the high affinity interactions.
In a second approach to identify sequences that POS-1 binds with high affinity, we constructed a library of sequences from maternal mRNA 39-UTRs that contain at least two UAUU elements (TTP half-sites) with no more than two intervening nucleotides. We rationalized that POS-1 may bind to similar determinants as TTP, but with altered spacing between those determinants due to an increase in the number of amino acids that link the individual zinc fingers (17 in POS-1 compared with 12 in TTP). The library was biased to include only UTR fragments from genes that are post-transcriptionally regulated during early development (Bowerman et al. 1993; Mello et al. 1994; Draper et al. 1996; Hunter and Kenyon 1996; Gomes et al. 2001) . The affinity of POS-1 for each sequence in the library was assayed by EMSA (Table 2 ). In total, six UTR fragments from five genes ( Table 2 , apx-1, mex-3, pal-1, skn-1, and spn-4) were tested. POS-1 binds to two of these sequences with high affinity. These include a short fragment of the pal-1 39-UTR (K d,app = 84 6 3 nM), and a longer fragment of the mex-3 39-UTR that contains multiple UA UU sequences (mex-3 fragment: AACUAUUAUUAUUU GUUAUUCAUAUUUU, K d,app = 47 6 7 nM) (Fig. 3A) .
MEX-3 is a KH domain RNA-binding protein required for specifying the fates of anterior blastomeres during early embryogenesis . MEX-3 acts by inhibiting the developmental program that specifies body wall muscle. In wild-type embryos, this tissue type is produced exclusively by one of the posterior founder cells, while in mex-3 mutant embryos, it is produced ectopically by descendants of the two-cell stage anterior daughter . This suggests that MEX-3 functions during the same stage of embryogenesis as POS-1, and also that MEX-3 activity must be restricted to the anterior of the embryo. Consistent with this, both MEX-3 protein and mex-3 mRNA are asymmetrically distributed in the anterior of the embryo at the two-and four-cell stages in a pattern that is anti-correlated with POS-1 . POS-1 may regulate the expression of mex-3 by repressing its translation, promoting the turnover of mex-3 mRNA, or both. To further explore the potential regulatory relationship between POS-1 and mex-3, we decided to further characterize the interaction between mex-3 mRNA and POS-1.
POS-1 forms an equimolar complex with the mex-3 fragment POS-1 binds to the mex-3 39-UTR fragment with the highest affinity of all tested sequences. This could be due to the presence of multiple binding sites, or it might be due to the presence of a single site that binds to POS-1 with higher affinity. To distinguish between these possibilities, the stoichiometry of the complex between POS-1 and this RNA fragment was determined by EMSA (Fig. 3B ). Varying concentrations of POS-1 were equilibrated with a fixed, elevated concentration of unlabeled mex-3 RNA supplemented with a trace amount of fluorescently labeled mex-3 RNA. After equilibration, the bound RNA was resolved from the free RNA by gel electrophoresis and the fraction of bound RNA was determined by fluorimetry. The data were fit to a quadratic model of saturable binding (Rambo and Doudna 2004) . The apparent stoichiometry of the POS-1:mex-3 complex is one to one (saturation point = 1.0 6 0.1), consistent with the hypothesis that the mex-3 RNA contains a single, high affinity binding site. 
To ensure that POS-1 binds as a monomer, the oligomerization state of recombinant POS-1 was determined by size exclusion chromatography and by equilibrium sedimentation ultracentrifugation (Fig. 3C,D ). Both methods reveal that POS-1 is predominantly monomeric, even at a concentration near 20 mM, orders of magnitude higher than the apparent dissociation constant for the mex-3 RNA. We conclude that monomeric POS-1 binds to the mex-3 39-UTR fragment with high affinity as a one to one molar stoichiometric complex.
POS-1 recognizes a 12-nucleotide fragment within the mex-3 UTR
To identify the minimal POS-1 binding site within the mex-3 39-UTR fragment, three overlapping 15-nucleotide subfragments of this RNA were synthesized. The affinity of each for POS-1 was determined by EMSA (Fig. 4A) . POS-1 binds to fragments 1 and 2 slightly weaker than the intact sequence (Fig. 4A , mex-3 fragment 1, K d,app = 110 6 40 nM; mex-3 fragment 2, K d,app = 89 6 5 nM). In contrast, POS-1 binds to fragment 3 with drastically reduced affinity (Fig. 4A , mex-3 framgent 3, K d,app = 800 6 200 nM). This suggests that a high affinity POS-1 binding site is located in the overlap between the first and second mex-3 fragments. To test this hypothesis, a 12-nt fragment that corresponds to this overlap (hereafter, mex-3 min) was synthesized. This sequence binds with identical affinity, within error, to the original mex-3 RNA (Fig. 4A , mex-3 min, K d,app = 39 6 6 nM; mex-3 RNA, K d,app = 47 6 9 nM; Fig. 4B ).
To confirm the equilibrium dissociation constant for mex-3 min and to develop a convenient assay for kinetic analysis, we assessed the ability of POS-1 to change the polarization of fluorescein end-labeled mex-3 min RNA in solution. Varying concentrations of protein were equilibrated with limiting labeled mex-3 min RNA, and the polarization value was determined using a fluorescence plate reader. The association of POS-1 with the fluorescently labeled mex-3 min RNA significantly increases the polarization of the fluorophore, thus providing a parameter to monitor POS-1 binding in real time. The apparent equilibrium dissociation constant was determined by plotting polarization as a function of protein concentration and fitting the data to the Hill equation (Fig. 4C) . The K d,app of POS-1 for mex-3 RNA is 52 6 4 nM, similar to the K d,app determined by EMSA.
Next, the polarization assay was used to determine the dissociation kinetics of the complex. An excess of unlabeled mex-3 min RNA, poly(C)-15 RNA, or a buffer control was added to a preformed complex of POS-1 and labeled mex-3 min RNA (Fig. 4D) . Unlabeled mex-3 min serves as a trap to prevent re-association with the labeled RNA over the time course of the experiment. Unlabeled poly(C)-15 RNA does not bind to POS-1 (Table 2) , and serves as a nonspecific binding control. To control for dissociation due to dilution, an experiment was performed with buffer in place of the unlabeled RNA. The apparent dissociation rate constant (k off,app ) was determined by fitting the observed change in polarization as a function of time to an exponential decay. The k off,app is 2.94 6 0.08 3 10 À3 sec À1 when unlabeled mex-3 min is used as a competitor. In contrast, little dissociation is observed when poly(C)-15 or buffer alone is added. Based on these measurements, and the determination of the K d,app above, the association rate constant can be calculated (k on,calc = 6.0 6 0.4 3 10 4 M À1 sec À1 ). These results provide a kinetic and thermodynamic framework for detailed analysis of the interaction between POS-1 and the minimal mex-3 fragment.
Determination of the POS-1 consensus sequence
Next, we set out to determine the sequence determinants within mex-3 min that contribute to binding. To do this, the change in the standard free energy change (DDG°) was measured for every single point mutation of mex-3 min RNA using EMSA. In total, 36 individual mutations were tested, representing every possible single nucleotide substitution at each position of the mex-3 min sequence (Fig. 5A) . Mutation of seven positions causes a significant decrease in affinity (Fig. 5A , positions 2-7,10: DDG°> 0.5 kcal/mol), while five positions can tolerate any base substitution (Fig.  5A, positions 1,8,9 ,11,12: DDG°< 0.5 kcal/mol). Based on these data, the POS-1 recognition element (PRE) is UAUURDNNG, where R is any purine, D is A, G, or U, and N is any base. Compared with the TTP binding site, the PRE contains an extra purine and displays a greater degree of degeneracy (Brewer et al. 2004) . In contrast with the MEX-5 binding sequence, the PRE exhibits strict requirements at several positions, while MEX-5 binds to any uridine-rich sequence (Pagano et al. 2007 ). The disparity 
in specificity between POS-1, TTP, and MEX-5 suggests that the POS-1-RNA interface is significantly different from those of the other proteins.
To investigate the spacing requirements between each of the purines in the PRE, the relative position of each purine nucleotide was varied within a polyuridine background, and the DDG°for each mutant sequence was determined by EMSA (Fig. 5B) . POS-1 is tolerant of an additional nucleotide between A3 and A6, and one additional or one fewer nucleotide between A6 and G10. Taking the flexibility of the spacing between purines into account, we expand the PRE to 59-UA(U 2-3 )RD (N 1-3 )G-39. This consensus is present in all tested sequences that bind to POS-1 with high affinity, including fragments from the pal-1 and glp-1 39-UTRs (pal-1 fragment 2, K d,app = 84 6 3 nM; glp-1 SCR fragment 1, K d,app = 76 6 6 nM).
The PRE is necessary but not sufficient to pattern the expression of a reporter Work from Marin and Evans (2003) identified a 34-nt fragment of the glp-1 SCR that is sufficient to confer patterned embryonic expression on a reporter gene. Contained within this fragment are two subelements, the GRE and GDE, which are required for translational repression and de-repression of a glp-1 reporter in early embryos, respectively. Here, we show that the GDE and the PRE are one and the same, and that POS-1 binds to this element with high affinity. A 5-nt substitution within the PRE prevents expression of the reporter protein without changing the expression of the reporter mRNA ( Fig. 6A ; Marin and Evans 2003) . This indicates that the PRE is required for the post-transcriptional regulation of glp-1 mRNA during FIGURE 3. POS-1 binds to the mex-3 UTR fragment with apparent 1:1 stoichiometry. (A) POS-1 binding to the mex-3 UTR fragment was measured as in Figure 1A. (B) Stoichiometric binding assay between POS-1 and mex-3 RNA. The total RNA concentration for the experiment is indicated. The molar equivalent point (n) was determined from a quadratic fit (Rambo and Doudna 2004) . (C) Gel filtration chromatogram of recombinant POS-1. Gel filtration standards are displayed in white. Molecular weights of each standard peak are indicated. POS-1 elution profile is displayed in gray, and the protein concentration and apparent molecular weight are indicated. (D) Equilibrium analytical ultracentrifugation traces of recombinant POS-1. The rate of rotation, as well as the protein concentration for each trace is indicated. Gray lines represent the fit to a monomer-Nmer equilibrium.
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early embryogenesis and suggests that it may play a functional role in the regulation of other genes during the same period.
To test if the PRE alone is sufficient to confer patterned expression to a reporter, we generated a strain that expresses GFP from the pie-1 promoter where six tandem copies of the mex-3 min sequence were inserted into the pie-1 39-UTR (Fig. 6B ). This UTR does not cause asymmetric expression of reporter transcripts in embryos (Reese et al. 2000) and, as such, provides a neutral background to test the role of exogenous cis-acting elements. If the PRE is sufficient to cause POS-1-mediated negative regulation, we expect to see a GFP expression pattern that anti-correlates with POS-1. Instead, the transgenic worms express GFP throughout the syncytial germline, in oocytes, and in all cells of the early embryo. This finding suggests that the PRE alone, and thus POS-1 binding alone, is not sufficient to drive UTR-dependent regulation and may require additional factors for post-transcriptional regulation of specific targets.
Prevalence of the PRE in C. elegans 39-UTRs
In order to establish a list of candidate POS-1 regulatory targets, we used the pattern matching tool PATSCAN to locate the PRE consensus within all annotated 39-UTRs retrieved from Wormbase release WS180 (Dsouza et al. 1997) . Of the 10,201 39-UTRs retrieved, 2902 (28.4%) FIGURE 4. POS-1 specifically recognizes a 12-nucleotide fragment of the mex-3 39-UTR. (A) Table of association measurements for POS-1 and mex-3 fragments. K d,app was measured by electrophoretic mobility shift assay, and the reported values are the average 6SD for three independent replicates. The mex-3 min sequence is highlighted in gray. (B) Representative electrophoretic mobility shift assay for mex-3 min. The fit and reported K d,app are as in Figure 1A . (C) Representative fluorescence polarization assay for mex-3 min. Each data point is the average 6SD of five reads of an independent replicate. The data were fit to the Hill equation, and the reported K d,app is the average 6SD of three independent replicates. (D) Representative kinetic fluorescence polarization assays for POS-1 and the indicated RNAs. k off,app was determined by monitoring the change in fluorescence polarization after the addition of a 100-fold excess of unlabeled competitor RNA, and fitting to a single exponential. Empty circles indicate unlabeled mex-3 min competitor; filled circles, unlabeled C15 competitor; filled diamonds, no competitor; and solid black line represents the single exponential fit.
contain at least one POS-1 binding site. Because POS-1 is expressed only in early embryos and because pos-1 mutant embryos have a maternal effect lethal phenotype (Tabara et al. 1999) , it is expected that critical POS-1 regulatory targets will be (1) expressed in early embryos and (2) required for early embryogenesis. Of the 2902 genes that contain a predicted POS-1 binding site, 227 are expressed in one-to eight-cell embryos (Baugh et al. 2003 ) and result in embryos that fail to hatch when silenced by RNAi ( Fig. 7A ; Supplemental Table 1 ; Sonnichsen et al. 2005) . We propose that these represent the most likely candidate POS-1 targets relevant to its roles in embryonic patterning.
In addition to glp-1, mex-3, and pal-1, a number of genes required for establishing and maintaining the anteriorposterior axis (par-1, par-3, and par-5) (Cuenca et al. 2003) and specifying intestinal fate (mom-2, mom-5, and skn-1) (Rocheleau et al. 1997; Thorpe et al. 1997; Maduro et al. 2001 ) contain at least one PRE within their 39-UTR. Intriguingly, the pos-1 39-UTR also has a PRE, suggesting that POS-1 may play a role in regulating its own expression. Neither apx-1 or nos-2, two genes whose expression patterns are perturbed in pos-1 mutants, contains a predicted POS-1 binding site in its 39-UTRs, suggesting that the role of POS-1 in regulating these genes may be indirect.
To determine if the POS-1 consensus sequence is statistically underrepresented, we generated 100 randomized artificial 39-UTR libraries and determined the frequency of the PRE in each. The artificial libraries were generated using a Markov chain based on the dinucleotide frequencies observed in embryonic 39-UTRs (Fig. 7B ). Dinucleotides were used instead of mononucleotides because a number of dinucleotides occurred more or less frequently than would be expected on the basis of the mononucleotide frequencies alone. The average and standard deviation of the PRE frequency in the 100 artificial libraries establishes the expected number and variance of the PRE associated with random chance. The ratio of the number of actual occurrences to the number of expected occurrences defines the extent to which the PRE is over or under represented.
There are 2314 occurrences of the PRE in the 39-UTRs of early embryonic transcripts. In contrast, there are 1530 6 40 PRE occurrences in the set of 100 artificial 39-UTRs. Thus, the PRE is 1.51 6 0.04 fold overrepresented in real embryonic 39-UTR sequences. This finding is consistent with the hypothesis that POS-1 requires additional specificity factors in order to choose appropriate targets for regulation or, alternatively, that the network of targets regulated by POS-1 is much larger than previously anticipated.
DISCUSSION
Using in vitro biochemical techniques, we have determined that the C. elegans TZF protein POS-1 is a sequence-specific RNA-binding protein that binds to RNA with novel specificity. POS-1 binds with highest affinity the sequence UA(U 2-3 )RD (N 1-3 )G, and with moderate affinity to other sequences containing ARE-like elements. Compared with the related TZF proteins TTP and MEX-5, POS-1 binds to RNA with different specificity, demonstrating that this RNA-binding protein family is capable of binding to diverse sequence determinants. TTP recognizes the sequence UUAUUUAUU (Brewer et al. 2004 ), while MEX-5 recognizes any sequence with six to eight uridines within an 8-nt window (Pagano et al. 2007) . The difference of a single amino acid in each zinc finger, required for specific recognition of each of the two adenosines in the TTP recognition element (Hudson et al. 2004) , is sufficient to account for the differences between TTP and MEX-5 specificity (Pagano et al. 2007 ). Accordingly, the identity of these residues is different in POS-1 compared with either MEX-5 or TTP, suggesting that these amino acids also contribute to the difference in POS-1 specificity. However, POS-1 recognizes three purines compared with two in the TTP binding site, indicating that it must have a third purine recognition site. More work, including structural studies, will be required to understand the molecular basis of differential RNA recognition by POS-1.
The PRE occurs in the 39-UTR of 227 genes expressed in early embryos and required for embryogenesis. These include mom-2, mom-5, and skn-1, all of which are required for the specification of endoderm at the four-cell stage. mom-2 and mom-5 encode Wnt and Frizzled homologs, respectively, cell signaling factors that are required to induce endoderm differentiation (Thorpe et al. 1997) . skn-1 encodes a transcription factor that is required to activate the zygotic transcription of genes that promote endoderm fate (Bowerman et al. 1993; Maduro et al. 2001) . pos-1 mutants lack endoderm, suggesting that deregulation of some or all of these mRNAs leads to the failure in endoderm specification. The PRE is also found in the 39-UTR of par-1, par-3, and par-5, genes essential for the establishment of the anteriorposterior axis in the early embryo. POS-1 is not translated until after the anterior-posterior axis has been established, which argues that it cannot play a primary role in establishing this axis. However, the axis must be maintained following establishment, and POS-1 could play a role in this pathway. Maintenance of the anterior-posterior axis requires MEX-5 (Cuenca et al. 2003) , which restricts the expression of POS-1 to the posterior of the early embryo. If POS-1 regulates par gene expression, then MEX-5 could maintain axis polarization through its molecular function of spatially restricting POS-1.
The PRE lies within a 34-nucleotide region of the glp-1 39-UTR that is required for translational regulation in early embryos (Marin and Evans 2003) , and mutations that directly target the PRE abolish expression of a reporter gene, demonstrating that the PRE is a functional cis-acting regulatory element required to pattern glp-1 expression. However, the PRE is not sufficient to confer POS-1-dependent regulation to an orthogonal 39-UTR, indicating that additional cis-acting elements and trans-acting factors are required. One likely candidate is GLD-1 (Lee and Schedl 2001; Ryder et al. 2004 ). The POS-1 binding site in the glp-1 39-UTR is immediately adjacent to a binding site for GLD-1. Mutations of either pos-1 or gld-1 result in ectopic GLP-1 expression in all cells of the early embryo, and mutations that disrupt the binding site for either protein lead to aberrant patterning of a reporter ( Fig. 6A ; Marin and Evans 2003) . It is possible that POS-1 and GLD-1 may function as a cooperative RNA-binding complex that binds with enhanced specificity to only a small number of mRNAs. Alternatively, antagonistic binding of POS-1 and GLD-1 could modulate the apparent affinity of both proteins, leading to appropriate levels of glp-1 translation. GLD-1 binding sites are present in 66 of the 227 candidate POS-1 targets, suggesting that interplay between these factors might be a general requirement for POS-1 mediated regulation.
The data presented here demonstrate that POS-1 binds to RNA with novel specificity compared with homologous TZF domain proteins, indicating that this fold can evolve to recognize diverse RNA sequences. The relative simplicity of the binding consensus suggests a dichotomy between RNAbinding specificity and selection of specific mRNA targets for regulation. The POS-1 recognition element is necessary but not sufficient to confer patterned expression to a reporter, indicating that additional factors are involved in mRNA target selection. The requirement for recognition by multiple RNA-binding proteins, each with limited sequence specificity, could explain this dichotomy. Our work provides a framework for dissection of the network of maternal transcripts regulated by POS-1 during development and suggests several interesting candidate targets that can explain the phenotypes observed in pos-1 mutants.
MATERIALS AND METHODS
Cloning of purification of POS-1 80-180 pHMTc
The sequence encoding amino acids 80-180 of POS-1 was amplified from the corresponding ORFeome (Open Biosystems) clone via PCR and cloned in frame into the multiple cloning site of pHMTc, a derivative of pMal-c2x (New England Biolabs) that includes an N-terminal 6-his tag and a TEV protease site after MBP (Ryder et al. 2004 ). This construct was transformed into and expressed in E. coli strain BL21 (DE3) Gold (Stratagene). Protein expression was induced with 1 mM IPTG and 100 mM Zn(OAc) 2 . Cells were lysed and purified using an amylose column (New England Biolabs), followed by HiTrap SP and HiTrap Q (GE Healthcare) columns. Purified POS-1 was dialyzed into storage buffer [25 mM Tris-Cl at pH 8.0, 25 mM NaCl, 100 mM Zn(OAc) 2 , 2 mM DTT], concentrated to z100 mM using a 30,000 MWCO spin concentrator (Vivascience Group), and stored at 4°C for up to 2 mo.
Preparation of fluorescein-5-thiosemicarbazide labeled RNA
All RNA oligonucleotides used in this study were chemically synthesized by Integrated DNA Technologies. Oligos were fluorescently labeled at the 39 end by periodate oxidation followed by reaction with fluorescein-5-thiosemicarbazide as described (Pagano et al. 2007 ). Labeled RNA was purified away from unreacted label using a Sephadex G-25 spin column (GE Healthcare). Recovered RNA was assayed by agarose gel electrophoresis and UV-Vis spectrophotometry to determine purity and labeling efficiency, respectively. Labeling efficiencies were typically z70%.
Fluorescent electrophoretic mobility shift assay
Varying concentrations of purified POS-1 were incubated with 3 nM fluorescently labeled RNA in equilibration buffer for 3 h at room temperature. Equilibration buffer contained 50 mM Tris (pH 8.0), 100 mM NaCl, 0.01 mg/mL tRNA, 0.01% (v/v) IGEPAL, and 100 mM ZnOAc 2 . After 3 h, 10 mL of 0.005% (w/v) bromocresol green in 30% glycerol was added to 100 mL of each Each shape denotes a state, with the script B and E denoting the begin and end states used to model the beginning and the end of random 39-UTRs, respectively. Arrows represent the transit probabilities from the state the arrow emerges from to the state to which the arrow points. Below are the measured dinucleotide transit probabilities of early embryonic 39-UTRs. Each entry represents the frequency that the state on the left is followed by the state above. Values with a black background are at least five percent above their corresponding mononucleotide frequencies, while values with a gray background are at least five percent below their corresponding mononucleotide frequencies.
sample and mixed thoroughly. Fifty microliters of each mixture was loaded onto a 1% agarose, 13 TB gel and run at room temperature for 35 min at 120 V to resolve bound from free RNA. Gels were imaged using a Fuji FLA-5000 laser imager to detect the fluorescently labeled RNA. The fraction of bound RNA was determined by taking the ratio of bound signal to total signal. This was plotted against the total protein concentration and fit to the Hill equation to determine the apparent dissociation constant:
where u is the measured fraction RNA bound, [P] t is the total protein concentration, K d,app is the apparent dissociation constant, and n is the Hill coefficient. Stoichiometric binding assays were conducted in a similar fashion, except unlabeled RNA was added to a final RNA concentration of 4 mM, and the data were fit to the following equation (Rambo and Doudna 2004) :
;
where u and K d,app are as above, r is the molar ratio of protein to RNA, and n is the molar equivalence point. The DDG°at 20°C for each of the mutants of mex-3 min was determined using the following equation:
where R is the gas constant and T is the temperature.
Gel filtration chromatography
The apparent molecular weight of POS-1 80-180 pHMTc relative to standards was determined using a Superdex 200 10/300 GL gel filtration column (GE Healthcare). Approximately 50 mL of 20 mM POS-1 was loaded on a column equilibrated with 50 mM Tris (pH 8.0), 300 mM NaCl, and the absorbance at 280 nm was monitored. The apparent molecular weight of POS-1 was determined by comparing the elution volume to the elution volume for molecular weight standards.
Equilibrium analytical ultracentrifugation
Three concentrations of POS-1 (8 mM, 12 mM, and 16 mM) were centrifuged at 9000, 12,000, and 16,000 rpm, and absorbance across the cell at 280 nm was monitored using a Beckman Optima XL-I analytical ultracentrifuge. Samples were centrifuged until equilibrium had been reached. The resulting traces were fit to the following equation describing a monomer/n-mer transition:
where A is the measured absorbance, a is a scaling factor, f is the fraction of protein in the monomeric state, v is the angular velocity, R is the gas constant, T is the temperature, M is the molecular mass of the protein, n is the apparent stoichiometry of the complex, n is the viscosity of solution, r is the density of solution, r is the cuvette radius, and r 0 is a reference distance.
Fluorescence anisotropy assay
Varying concentrations of POS-1 and 4 nM fluorescently labeled RNA were equilibrated as described in the EMSA section. Following equilibration, each sample was excited with linearly polarized light, and the parallel and perpendicular fluorescence intensities were measured five times each using a Victor 3 1420 Multilabel Counter (Perkin-Elmer) and the apparent polarization determined. Polarization was plotted against total protein concentration, and fit to the Hill equation as above.
Dissociation rate kinetics
Binding reactions containing 100 nM POS-1 and 4 nM fluorescently labeled mex-3 min were equilibrated in conditions described above for 30 min. Following equilibration, samples were transferred to a 96-well FluoTrak plate (Grenier) containing unlabeled competitor RNA and rapidly mixed. Immediately following addition to competitor RNA, the fluorescence polarization of the sample was measured every 20 sec as described above. Fluorescence polarization measurements were plotted against time and fit to the following single exponential decay to determine the apparent dissociation rate constant: where P is the measured fluorescence polarization, P 0 is the baseline fluorescence polarization, A is the polarization at t = 0, k off,app is the apparent dissociation rate constant, and t is elapsed time.
Bioinformatics 39-UTR sequences were retrieved from release WS180 of Wormbase (www.wormbase.org) using WormMart. To avoid redundancy in the pool of sequences, only the longest 39-UTR for each gene with multiple gene models was used. The pattern matching tool PATSCAN (Dsouza et al. 1997 ) was used to identify UTRs that contain POS-1 and/or GLD-1 binding sites. Mononucleotide and dinucleotide frequencies were determined using Perl scripts and standard UNIX text processing tools. Random 39-UTR libraries were constructed via a Markov chain; transit probabilities for each state were determined from the observed dinucleotide distribution and the following equation:
where p i/j is the transit probability from nucleotide i to nucleotide j, d ij is the observed frequency of dinucleotide ij, and D i is the observed frequency of dinucleotides beginning with i.
Error analysis
For electrophoretic mobility shift and fluorescence polarization assays, the reported value is the average of at least three POS-1 specificity www.rnajournal.org 11
Cold Spring Harbor Laboratory Press on September 6, 2017 -Published by rnajournal.cshlp.org Downloaded from independent replicates, and the error is 61 SD. For equilibrium sedimentation experiments, the fit error was determined by plotting the residuals to compare the error distribution of each fitted model.
Reporter strain construction
The reporter construct was generated by digesting plasmid pJH 4.52 (a generous gift of Dr. Geraldine Seydoux, Johns Hopkins University) with Spe1, and inserting a synthetic DNA duplex containing 33 copies of the mex-3 min sequence flanked by Spe1 sites. The construct used for all experiments contained two copies of the insert in tandem. The reporter strain was generated by ballistic transformation using unc-119 rescue (Praitis et al. 2001 ). An equal mixture of the reporter plasmid and pDEST-DD03, which harbors the unc-119 rescuing fragment (a gift of Dr. Marian Walhout, University of Massachusetts Medical School), was used to coat the gold particles. Rescued worms were analyzed for GFP expression pattern by fluorescence microscopy with a Zeiss Axioskop microscope.
SUPPLEMENTAL DATA
Supplemental material can be found at http://www.rnajournal.org.
